Abstract. The objective of the present research was to evaluate the physicochemical characteristics of berberine chloride and to assess the complexation of drug with 2-hydroxypropyl-β-cyclodextrin (HPβCD), a first step towards solution dosage form development. The parameters such as log P value were determined experimentally and compared with predicted values. The pH-dependent aqueous solubility and stability were investigated following standard protocols at 25°C and 37°C. Drug solubility enhancement was attempted utilizing both surfactants and cyclodextrins (CDs), and the drug/CD complexation was studied employing various techniques such as differential scanning calorimetry, Fourier transform infrared, nuclear magnetic resonance, and scanning electron microscopy. The experimental log P value suggested that the compound is fairly hydrophilic. Berberine chloride was found to be very stable up to 6 months at all pH and temperature conditions tested. Aqueous solubility of the drug was temperature dependent and exhibited highest solubility of 4.05±0.09 mM in phosphate buffer (pH 7.0) at 25°C, demonstrating the effect of buffer salts on drug solubility. Decreased drug solubility was observed with increasing concentrations of ionic surfactants such as sodium lauryl sulfate and cetyl trimethyl ammonium bromide. Phase solubility studies demonstrated the formation of berberine chloride-HPβCD inclusion complex with 1:1 stoichiometry, and the aqueous solubility of the drug improved almost 4.5-fold in the presence of 20% HPβCD. The complexation efficiency values indicated that the drug has at least threefold greater affinity for hydroxypropyl-β-CD compared to randomly methylated-β-CD. The characterization techniques confirmed inclusion complex formation between berberine chloride and HPβCD and demonstrated the feasibility of developing an oral solution dosage form of the drug.
INTRODUCTION
Berberine, a quaternary protoberberine isoquinoline alkaloid, is a well-known naturally occurring medicine derived from the root and the stem bark of numerous clinically important medicinal plants such as Hydrastis canadensis (goldenseal), Berberis aquifolium (Oregone grape), Berberis aristata (tree turmeric), Berberis vulgaris (barbery), and many other plants (1) . It occurs as a yellowish crystalline powder that is odorless, or has a faint characteristic odor, with a bitter taste. It is sparingly soluble in methanol, slightly soluble in ethanol, and very slightly soluble in water; however, the salt forms are relatively more soluble and contribute to the tissue coloring (2) . Berberine has demonstrated significant antimicrobial activity towards a variety of organisms including bacteria, fungi, protozoans, viruses, chlamydia, and helminthes and is used to treat several skin and eye ailments (3, 4) . It has been mainly used for the treatment of diarrhea and gastroenteritis for centuries in traditional Eastern medicine (5) . It has also been reported to have a multitude of biological effects, including anti-malarial (6), anti-hypertensive (7), anti-arrhythmic (8, 9) , anti-hyperglycemic (10), anti-tumor (11, 12) , anti-inflammatory (13, 14) , anti-fungal (15) , anti-oxidative (16) , and cerebro-protective (17) activities. Recently, it has been reported that berberine helps in reducing cholesterol and lipid accumulations in both the plasma and in the liver (18) .
Although berberine has wide-ranging therapeutic potential, in vivo pharmacokinetic studies demonstrate that its apparent permeability co-efficient (Papp) across the intestinal tissue is in the order of only 10 −7 cm/s (19) . The poor absorption characteristic is probably because of the P-gp expressed in intestinal cells and the significant first-pass metabolism by CYP 450-dependent processes (20, 21) . Literature precedents suggest that its metabolism in humans is primarily based on phase I demethylation and phase II glucuronidation and/or sulfate conjugation (9, 22) . Higher levels of berberine chloride in the plasma are essential when the drug is intended for treating systemic disorders. The scope of the current work, however, entails developing a solution dosage form for oral administration of the active, for the effective treatment of bacterial gastroenteritis.
Bacterial gastroenteritis is a common disorder, usually associated with the symptoms such as vomiting, diarrhea, and abdominal discomfort. In the USA, it is a very frequent problem, especially with children under 5 years of age and accounts for as many as 5% of pediatric office visits and 10% of hospitalizations in this age group (23, 24) . Worldwide, millions of children and adults are affected by diarrhea each year, and appropriate sanitation measures are necessary to prevent significant mortality rates due to gastroenteritis, especially in the elderly (25) . In the management of such a clinical condition, solid dosage forms present significant administration challenges in pediatric and geriatric patient populations. Pediatric patients may suffer from ingestion problems as a result of underdeveloped muscular and nervous control, whereas the physiological and neurological conditions of the elderly, such as dysphagia, risk of choking, and hand tremors, may lead them to be uncooperative in the selfadministration of conventional solid oral dosage forms (26) . In an attempt to overcome these limitations, a solution dosage form of berberine chloride has been investigated to facilitate rapid onset of action.
In clinical practice, berberine chloride ( Fig. 1 ) and berberine sulfate are the commonly used salt forms of berberine, and the chloride form is available, either alone or in combination, as an immediate release tablet and/or capsule (current dosage being 100 mg, three to four times a day). Lately, a cream formulation of berberine hydrochloride, for topical antimicrobial and anti-inflammatory applications (27) , has been developed and investigated by Patel et al. However, from a formulation perspective till date, the physicochemical properties of berberine chloride have not been studied in depth, and no attempt has been made to develop a solution dosage form utilizing various solubilizers which might help in both solubilization of high drug dose (∼100 mg) and taste masking. The current research focuses on improving patient compliance, especially in pediatric and elderly patient populations, by developing a solution dosage form. Different techniques such as micellar solubilization and complexation utilizing CDs were evaluated to enhance the drug solubility.
The objective of the present work was to establish the physicochemical characteristics of berberine chloride and to characterize its complexation with 2-hydroxypropyl-β-cyclodextrin, a first step towards solution dosage form development.
MATERIALS AND METHODS

Materials
Berberine chloride, randomly methylated-β-cyclodextrin (RMβCD; MW: 1310), and hydroxypropyl-β-cyclodextrin (HPβCD; MW: 1380) were purchased from Sigma Aldrich (St. Louis, MO, USA); cetyl trimethylammonium bromide (CTAB), sodium lauryl sulfate (SLS), pluronic® F 127 (Poloxamer 407), tween® 80, cremophor® RH 40, potassium phosphate monobasic, orthophosphoric acid, and sodium hydroxide were obtained from Fisher Scientific (Fair Lawn, NJ, USA); D-α tocopheryl polyethylene glycol 1000 succinate (TPGS) was purchased from the Peboc Division of Eastman (Llangefni, UK); and diethylene glycol monoethyl ether (Transcutol® HP) was obtained from Gattefosse (SaintPriest, France). High performance liquid chromatography (HPLC) grade water was freshly prepared in the laboratory by Nanopure systems (Barnstead, Dubuque, IA, USA). All solvents utilized in the study were of analytical grade and obtained from Fisher Scientific (Fair Lawn, NJ, USA).
Analytical Method
A reverse phase-HPLC-based analytical method for determination/quantification of berberine chloride was developed. An HPLC equipped with UV detector, Waters Symmetry shield 5 μ C18 column (250×4.6 mm), and a gradient mode of elution with varying compositions of mobile phase (acetonitrile and 20 mM orthophosphoric acid in water) with a flow rate of 1.2 ml/min were employed to quantify the drug at a wavelength of (λ max ) 346 nm. The acquired data was processed using Empower 2 build 2154 software (Waters Inc., Mount Holly, NJ, USA).
Evaluation of Physicochemical Properties
The various physicochemical properties of berberine chloride, such as octanol-water partition co-efficient (log P), percent hydrophilic surface area (%HSA), topological polar surface area (tPSA), and solubility parameter were determined based on the structure of the compound either experimentally or by utilizing computational softwares such as ChemBioDraw Ultra v 12.0, Molecular Modeling Pro™ and Advanced Chemistry Development (ACD) Lab/I-lab web service.
The log P was determined experimentally following the conventional shake flask method at 25°C and compared with the predicted log P values obtained from various other computational softwares. The solvents (octanol and water) were pre-saturated for a period of 24 h prior to the experiment to ensure equilibrium. A known amount of drug was added to the equilibrated solvent mixture and shaken for a period of 24 h. An aliquot of the aqueous phase was pipetted from the flask and analyzed for the drug content using UV- Vis spectrophotometer as described above. The experimental log P value was determined using the following equation:
where "[ ]" represents the molar concentration.
Solution Stability
The chemical degradation of berberine chloride was determined as a function of pH at two different temperatures (25°C and 40°C). Buffers of different pH such as hydrochloric acid buffer (pH 1.2), phthalate buffer (pH 3.0 and 5.0), phosphate buffer (pH 7.0), and borate buffer (pH 9.0), each with a buffer strength of 200 mM, were prepared according to USP XXXI and employed in the study. Stability studies were initiated with the addition of 125 μL of a 1-mg/mL drug stock solution to 5 mL of the respective buffers previously equilibrated to the study temperatures, separately. The vials containing drug solution were placed at 25°C and 40°C for a period of 6 months. Aliquots (200 μL) were collected at predetermined time intervals (0, 0.5, 1, 2, 3, 4, 5, 6, 7, 14, 30, 60, 90, and 180 days) from each of the vials under study and were stored at −80°C until further analysis. The experiment was performed in triplicate, and the samples were analyzed for the drug content.
Aqueous and pH-Dependent Solubility
The solubility of berberine chloride was determined in both water and freshly prepared USP buffers of different pH ranging from 1.2 to 9.0, each with a buffer strength of 200 mM, following the standard shake flask method, wherein excess quantities of drug were added to 3 mL of solvent (water/buffer) in tightly capped glass vials. The buffers were prepared as described under the "Solution Stability" section. To achieve uniform mixing, samples were continuously agitated at 75 rpm at 25°C and 37°C, separately, for a period of 24 h in a reciprocal shaking water bath (Fisher Scientific, USA). At the end of 24 h, samples were centrifuged (accuSpin 17R, Fisher Scientific, USA) at 10,000 rpm for 10 min; the clear supernatant was suitably diluted and analyzed for drug content. Moreover, phosphate buffers of different pH (2.0 to 9.0) were also prepared utilizing either sodium hydroxide or phosphoric acid, and the drug solubility was estimated as per the above procedure at 25°C. All of the experiments were performed in triplicate, and the mean drug solubility was determined.
Solubility in Surfactants
Additionally, drug solubility was also screened in the presence of various commonly used surfactants and other solubilizers. Several surfactants, such as SLS (anionic), CTAB (cationic), Poloxamer 407, Tween® 80, Cremophor® RH 40 (non-ionic), and other solubilizers such as Transcutol® and TPGS, each at concentrations of 0.1% and 1% w/v, were employed in the study. The standard shake flask method was utilized to determine drug solubility at 25°C, and the processed samples were analyzed using HPLC as described in the "Analytical Method" section.
Phase Solubility Studies: Effect of Substituted β-CDs
The effects of different CDs such as HPβCD and RMβCD on solubility were evaluated. In both cases, concentrations between 0.2% to 20% w/v of CDs in water were used, and the phase solubility studies were carried out according to the method reported by Higuchi and Connors (28) . An excess amount of the berberine chloride was added to the aqueous solutions containing increasing concentrations of RMβCD (1.52 to 152.67 mM) or HPβCD (1.44 to 144.92 mM). The flasks were sealed and shaken for 24 h to ensure equilibrium. The samples were centrifuged at 3,000 rpm for 10 min, filtered through a 0.45-μm membrane filter, and appropriately diluted and analyzed using a UV-Vis spectrophotometer. The equations below were used to calculate the parameters such as apparent stability constant (K s ) of the complex and complexation efficiency (CE) from the slope of the phase solubility diagram.
where "S 0 " is the intrinsic solubility of the drug,
The study was conducted in triplicate, and the average drug solubility (mM) at varying concentrations of CDs (mM) was plotted.
Preparation of Inclusion Complex
A co-precipitation method was utilized in the preparation of the berberine-HPβCD inclusion complex. Both the drug and CD, in equal molar concentrations, were dissolved in a common solvent (methanol). The resultant solution was placed overnight in a vacuum oven so as to completely evaporate the methanol. The dried final residue (complex) thus obtained was further characterized for complexation utilizing various thermal and non-thermal techniques.
Characterization of Drug-CD complex
Differential Scanning Calorimetry (DSC) Analysis
The differential scanning calorimetry (DSC) analysis of berberine chloride, HPβCD, the physical mixture of drug and HPβCD (1:1 M ratio), and the inclusion complex were carried out using a Diamond Differential Scanning Calorimeter (Perkin-Elmer Life and Analytical Sciences, Shelton, CT, USA). Samples of approximately 2-3 mg were weighed and hermetically sealed in aluminum pans (Kit 0219-0062, PerkinElmer Instruments, Shelton, CT, USA). The samples were heated from 40°C to 280°C at a ramp rate of 10°C/min under a nitrogen purge at a flow rate of 20 mL/min. An empty aluminum pan was used as the reference.
Fourier Transform Infrared (FTIR) Spectroscopic Analysis
Fourier transform infrared (FTIR) spectra for the drug, HPβCD, and their complex were obtained using a PerkinElmer FTIR spectrometer (Perkin-Elmer Life and Analytical Sciences, Shelton, CT, USA). A spectrum was collected for each sample within the wave number region 4,000-400 cm −1 . The spectra were analyzed for the absence or shift in the wave numbers of the characteristic peaks and reported.
Nuclear Magnetic Resonance (NMR) Spectroscopic Analysis
Nuclear magnetic resonance (NMR) studies were conducted to investigate the electronic interactions between berberine chloride and HPβCD. The pure samples along with the complex were prepared by mixing both the drug and HPβCD (25 mM each, previously dissolved in deuterated dimethyl sulfoxide; 
Scanning Electron Microscopy (SEM) Analysis
Morphology of the crystals of the inclusion complex obtained by co-precipitation technique was compared against the physical appearance of the pure drug and the HPβCD particles utilizing a scanning electron microscope. The samples were mounted onto an aluminum stage using adhesive carbon tape. Samples were then sputter coated with gold under an argon atmosphere using a Hummer™ 6.2 Sputter Coater (Ladd Research Industries, Williston, VT, USA) in a high vacuum evaporator equipped with an omnirotary stage tray to produce uniformly coated irregular specimens without thermal damage. The processed samples were examined, and the images were captured using a JEOL JSM-5600 scanning electron microscope (JEOL USA, Inc., Waterford, VA, USA) operating at an accelerating voltage of 9-13 kV.
Statistical Analysis
In all cases, statistical analysis was performed utilizing one-way analysis of variance. A statistically significant difference was considered when p<0.05.
RESULTS
Analytical Method
Validation was carried out according to ICH and FDA guidelines for chromatographic method. The linear calibration range for the detection of berberine chloride was found to be 1-100 μg/mL. The limit of detection and quantitation for the drug were 0.1 and 0.5 μg/mL, and the retention time for the drug under investigation was ∼8 min. The percent relative standard deviation (%RSD) within replicates (n=3) was less than 2%, demonstrating reproducibility of the method. Precision was tested by preparing a single concentration of 10 μg/mL, and the readings were taken ten times. Excellent precision was observed based on the %RSD value, which was less than 0.5%.
Physicochemical Properties
The physicochemical characteristics of berberine chloride, such as %HSA and tPSA, were calculated using Molecular Modeling Pro™ and found to be 25.97% and 40.8 (A°) 2 , respectively. The average effective solubility parameter obtained from both Hansen's (three-dimensional (3-D)) and Van Krevelen and Hoftyzer (3-D) methods was 24.43 MPa 1/2 . The log P values were calculated by fragmentbased and/or property-based method, utilizing various computational softwares such as ChemBioDraw Ultra v 12.0, Molecular Modeling Pro™, and ACD Lab/I-lab web service. Both the computed (from −0.9 to −2.2) and experimental (−1.5) log P values suggested that the compound is hydrophilic in nature.
Solution Stability
Berberine chloride was found to remain stable at all pH and temperature conditions tested, with less than 5% degradation being observed over a period of 6 months.
Aqueous and pH-Dependent Solubility
Aqueous and pH-dependent solubility of berberine chloride was temperature dependent and increased with an increase in temperature. The aqueous solubility of the drug at 25°C and 37°C was found to be 5.27±0.29 and 8.50±0.40 mM, respectively. Also, amongst all of the pHs tested, the maximum solubility of the drug was observed in phosphate buffer pH 7.0 (4.05±0.09 and 9.69±0.37 mM at 25°C and 37°C, respectively). The solubility of berberine chloride at pH 1.2 (HCl), 3.0, and 5.0 (phthalate buffer) and pH 9.0 (borate buffer) was nearly 20-fold lower than that at pH 7.0 (phosphate buffer), at 25°C. Interestingly, when all the buffers were prepared using phosphate salts (pH 2.0 to 9.0), solubility was observed to be pH independent (data not shown).
Solubility in Surfactants
All of the non-ionic surfactants and/or solubilizing agents investigated exhibited drug solubility of 4.6-4.8 mM (Fig. 2) , comparable to that in water. Moreover, they did not demonstrate any remarkable improvement in solubility as a function of surfactant concentration. Also, despite the toxicity issues posed by the ionic surfactants, they were utilized in the current research to explore their efficiency in the solubilization of berberine. A remarkable decrease in solubility was noticed in the presence of the employed ionic surfactants, SLS and CTAB. The data represents average drug solubility (mM) ± SD in different surfactants.
Phase Solubility Studies: Effect of CDs
Amongst the two substituted β-CDs employed, HPβCD produced greater drug solubility in comparison to RMβCD. Moreover, the solubility of berberine chloride increased linearly as a function of HPβCD concentration, and the shape of the phase solubility diagram suggested an A L -type system (Fig. 3) . From the slope values of the phase solubility studies and the drug's intrinsic solubility in water "S 0 ," the apparent stability constant (K s ) for both RMβCD and HPβCD was calculated as 9.1 and 25.7 M −1 , respectively. Similarly, the complexation efficiency (CE) values were calculated and reported as 0.048 and 0.134 for both the cyclodextrins studied. Further evidence of complex formation was obtained by DSC, FTIR spectroscopy, NMR spectroscopy, and scanning electron microscopy (SEM) analysis.
Characterization of Drug-CD complex
Differential Scanning Calorimetry (DSC) Analysis
The complexation of the berberine chloride with HPβCD was investigated using Perkin-Elmer diamond DSC. In the thermograms shown in Fig. 4 , temperature is plotted on the x-axis and heat flow (Endotherm up) on the y-axis. It is observed that the drug exhibits a peak melting endotherm at ∼196°C, while the thermal behavior of HPβCD exhibited no such phenomenon at any temperature intervals. The appearance of a peak corresponding to the melting of berberine chloride was also evident in the thermogram of the physical mixture, whereas it disappeared in the complex.
Fourier Transform Infrared (FTIR) Spectroscopic Analysis
In the spectra obtained (Fig. 5) , wave numbers (cm −1 ) on the x-axis are plotted against percent transmittance on the y-axis. The IR spectrum of berberine chloride exhibited specific absorptions at 2,844, 1,635, 1,569, and 1,506 cm −1 , identified by circles (29) , whereas the FTIR spectrum of HPβCD presented a profile without distinctly sharp peaks. From the results, it is obvious that the peak at 2,844 cm −1 in the spectrum of berberine chloride disappeared in the complex. Additionally, other characteristic peaks of the drug present in the range of 2,000-1,500 cm −1 were reduced in their intensities, and/or exhibited a shift in the IR spectrum, in the complex. This corroborates the DSC data, suggesting an interaction between the guest and the host molecules.
Nuclear Magnetic Resonance (NMR) Spectroscopic Analysis
The proton signals for berberine chloride (Fig. 1) were assigned based on a report published by Tripathi et al. (30) . Figure 6 demonstrates the 1 HNMR spectra of berberine chloride, HPβCD, and the drug in the presence of varying amounts of HPβCD, and Fig. 7 represents the NMR chemical shifts and assignments, respectively. From both of these figures, it can be inferred that the H-8, H-12, and H-13 protons of berberine chloride may be located inside the cavity of HPβCD, and depending on the concentration of the host molecule, a change in up-field shift for each proton was observed. The remaining hydrogens of the guest molecule, berberine, did not show considerable changes in their chemical shifts (<0.01 ppm).
Scanning Electron Microscopy (SEM) Analysis
The micrographs in Fig. 8a -c represent pure drug, pure HPβCD, and drug-HPβCD complex (1:1), respectively. The pure drug is crystalline in nature and exists as loose particles with sharp edges, whereas the pure HPβCD is amorphous and appears as near spherical particles with smooth surfaces. A clear difference in the morphology of the drug crystals, drug-HPβCD inclusion complex, and native HPβCD could be seen. Values represent mean ± SD (n=3)
DISCUSSION
The physicochemical profiling, in particular, the molecular descriptors such as %HSA, tPSA, log P, solubility, and ionization constant (pKa), of a drug molecule is very important in predicting the oral drug absorption (31) . The %HSA and tPSA indicate the hydrophilicity of the compound, especially tPSA which is defined as "the sum of surfaces of polar atoms in a molecule," and has also been used to investigate the membrane transport characteristics of a molecule. Recently, Fernandes et al. reported a good correlation between tPSA of drug molecules and their transport properties across biological membranes (32) . On the other hand, the 3-D solubility parameter obtained from Molecular Modeling Pro™ represents dispersive, polar, and hydrogen-bonding interactions of a molecule, and it could be utilized to estimate the interactions between the formulation components (33) . From a pharmaceutical applications perspective, this could be a very useful tool in predicting the drug-polymer miscibility in the solid dispersions and the drug-excipient interactions in the development of solid oral dosage forms.
Lipophilicity is considered as another important parameter that plays a vital role in regulating dynamic and kinetic aspects of drug action. The apparent log P values derived both computationally and experimentally (−1.51) were comparable and further demonstrated the hydrophilic nature of the compound. The different log P values obtained from each Assessing the stability of the active ingredients is considered as an important criterion while formulating any solution dosage form. In this research, berberine chloride was prepared in buffers of varying pH, as stated earlier, and these solutions were exposed to different temperature conditions. No significant degradation of the drug was noticed at the end of 6 months, at all of the conditions tested, suggesting that berberine chloride does not undergo hydrolysis.
In the present research, solubility of berberine chloride in water and buffers of various pH have also been studied. The aqueous solubility of berberine chloride at 25°C was determined to be 1.96±0.11 mg/mL (equivalent to 5.27± 1 HNMR spectra (400 MHz) of (1) , and the studies involving effect of pH on the drug solubility provided very interesting results. From the pKa standpoint, berberine is a permanently charged compound and has no ionizable groups. Thus, irrespective of pH of the buffer, drug solubility was expected to remain the same. However, the drug displayed a significantly higher solubility of ∼4.0 mM in the phosphate buffer (pH 7.0) at 25°C, whereas in all of the other buffers (pH 1.2, 3.0, 5.0, and 9.0), it exhibited a solubility of only 0.2-0.4 mM. In order to study this unusual behavior of berberine chloride at pH 7.0, the buffers within a pH range of 2.0-9.0 were prepared using phosphoric acid and its salts as per the procedure described in the "Materials and Methods" section, and the solubility of the active was studied at 25°C. Interestingly, the drug now exhibited remarkably high solubility (∼4.0-4.3 mM) at all of the pH conditions tested (data not shown). Hence, from this set of experiments, it can be inferred that the buffer salts selected make a significant difference to the drug solubility. Unlike other buffer salts, the increased solubility due to phosphates could be attributed to their interaction with the drug resulting in the formation of a more soluble complex. Additionally, the effect of temperature has been investigated, and it demonstrated a significant impact on drug solubility in all of the solvents tested, under the employed conditions (15) . Increase in temperature from 25°C to 37°C enhanced the aqueous solubility of berberine chloride by nearly 62%. This temperature dependence could be attributed to the lower exothermic energy compared to the endothermic energy involved in the kinetic event of drug solubilization. Hence, at the higher temperature, an excess amount of heat energy is provided to the system to break the bonds further, which facilitates increase in drug solubility.
Overcoming the challenge of incorporating the targeted drug dose of 100 mg in an acceptable volume of 1 tbsp. or less water was essential to develop a stable solution dosage form. Considering the stability and aqueous solubility of berberine chloride (∼2.0 mg/mL), it would require over 50 mL of water to dissolve the 100-mg dose, without any solubilizing aid. In an attempt to solve the stated problem, surfactants were utilized to improve the drug's aqueous solubility. All of the non-ionic surfactants tested in this study did not demonstrate any improvement in the aqueous solubility of berberine chloride. However, in the presence of the ionic surfactants, SLS and CTAB, drug solubility was significantly reduced, especially at higher surfactant concentrations. With regard to the anionic surfactant, altered drug solubility can be ascribed to the in situ formation and subsequent precipitation of the insoluble lauryl sulfate (estolate) salt of the drug, leading to a desolubilization phenomenon (35) . This event could be reverted by increasing the SLS concentration further, which might solubilize the drug-estolate salt. On the other hand, decreased solubility in the presence of the cationic surfactant, CTAB, may be due to the electrostatic repulsions between the positively charged drug molecule and the cationic micellar system (36) or the drug might be displaced by the surfactant owing to its increased affinity to water.
As the drug's aqueous solubility could not be enhanced by the surfactants, a complexation technique was utilized involving CDs. The CDs have been extensively studied to improve the aqueous solubility, physical stability, and permeability of poorly soluble compounds (37, 38) and to mask the bitter taste of the drugs (39, 40) through the formation of inclusion complexes. The CDs (α, β, γ, and δ) are defined on the basis of their characteristics such as molecular weight, cavity size, and the aqueous solubility, and each of these CDs has their own advantages and disadvantages. The β-CDs accommodate most of the drugs in their cavity; however, they initially suffered from limited water solubility and toxicity problems which were overcome by the introduction of substituted β-CDs. HPβCD has been utilized at a concen- tration of 40% w/v to promote the solubility of Itraconazole in a marketed preparation intended for oral delivery (41). Moreover, CDs followed the rank order of α-CDs<γ-CDs <β-CDs in terms of taste masking efficiency (39) . In the current research, RMβCD and HPβCD were thus evaluated with respect to solubility enhancement of berberine chloride.
The parameters such as K s and CE for both RMβCD and HPβCD were obtained from the phase solubility diagram. The former parameter aids in comparing the affinity of a drug for different CDs or CD derivatives, whereas the latter helps in determining their solubilizing efficiency in the aqueous vehicle (42) . The curves corresponding to the two substituted β-CDs presented in the diagram (Fig. 3 ) exhibited straight lines with positive slopes of less than unity and an intercept equal to S 0 , indicating the formation of an inclusion complex with 1:1 M ratio. However, equivalent concentrations of RMβCD demonstrated lower drug solubility. Additionally, the K s values mentioned earlier indicated that the affinity of berberine chloride towards RMβCD is at least three times lower compared to that for HPβCD. Moreover, the CE value of HPβCD (∼0.14) indicates its high solubilizing efficiency compared to RMβCD (∼0.05) and means that on an average, about one out of every ten CD molecules in solution forms a water-soluble complex, assuming a 1:1 drug-CD complex formation. From the phase solubility data, it can be deduced that approximately 25% HPβCD will be needed to achieve a concentration of ∼10 mg/ml of berberine chloride. Hence, for a dose of 150 mg of the drug, 1 tbsp. of the formulation will be required.
Inclusion complex formation was further characterized by different thermal and non-thermal techniques such as DSC, FTIR, NMR and SEM. DSC is a qualitative analytical tool which can be used to identify complex formation. When complexation occurs, the inclusion complex so formed exhibits different characteristics in comparison to either pure drug or cyclodextrin-alone. In this research, the disappearance of the melting peak of drug (loss of crystallinity) in the newly formed inclusion complex might be attributed to the drug being embedded in the CD cavity.
The FTIR spectrum of berberine chloride revealed the existence of a methoxyl group (peak at 2,844 cm −1 ) (43), and the peak at 1,635 cm −1 is believed to correspond to the iminium (C=N + ) double bond present in the molecule (44) . Moreover, the signals at 1,569 and 1,506 cm −1 represent the aromatic C=C bending and the furyl group, respectively (45) . However, the spectrum of the newly formed inclusion complex did not show any peak at 2,844 cm − 1 , corresponding to the methoxyl group stretching, indicating the interaction of the guest molecule in the host cavity.
Proton NMR studies play an important role in displaying the chemical shift of the protons inside the CD cavity and on the drug molecule during complexation (46) . The results obtained from the NMR spectroscopic study demonstrated a chemical shift up-field for the specific proton signals at eighth, 12th, and 13th positions with regard to the host molecule concentration. Thus, it can be assumed that berberine chloride's "D" and "E" rings were preferentially inserted into the CD cavity. These results were in strong agreement with the IR data where the peak corresponding to methoxyl groups (E ring) disappeared in the formed inclusion complex.
SEM of the physical mixtures demonstrated that the structures of the particles in the mixture are similar to that of their individual molecules (image not shown), indicating no physical complexation. However, the morphology of the material produced by co-precipitation was found to be significantly different from the structures of either the free drug or the CD particles, further validating complex formation. Overall, the characterization techniques employed confirmed complexation, indicating a 1:1 stoichiometry between the drug and the CD moieties.
CONCLUSION
Berberine chloride exhibited excellent solution stability, and solubilization of the high drug dose (100 mg) in 2 tsp. of the final formulation could be achieved by employing the complexation technique utilizing approximately 25% HPβCD. The results from the characterization techniques substantiate complex formation between berberine chloride and HPβCD and demonstrate the feasibility of developing a solution dosage form. Complexation of berberine with cyclodextrins would also probably aid in masking the taste of the compound.
